Innate immune signaling receptors orchestrate inflammation
Inflammation is a host response to infectious agents, tissue damage, or cellular irritants such as toxins. Immune cells encountering these noxious agents become activated and release an array of factors leading to the well-known clinical signs of inflammation: rubor, calor, dolor, tumor, and functio laesa. The structured inflammatory reactions within the local tissue lead to the recruitment of a variety of immune cells, which act in concert with local tissue cells to remove the infectious agent, clear damaged tissue components, and initiate tissue repair processes. This inflammatory response has the effect of protecting the host from further tissue damage and restoring tissue function. However, under certain conditions, immune responses themselves can injure tissues or result in chronic inflammatory processes. The inflammatory response is the result of the activity of a plethora of cell-derived mediators (e.g., chemokines, cytokines, antimicrobial peptides, and reactive oxygen and nitrogen species) and of activated biochemical cascades originating in the vascular compartment (e.g., complement, coagulation, and fibrinolytic systems).
How cells respond to infectious and non-infectious inflammatory stimuli has long been of immense interest. Research in the field of inflammation and in particular innate immunity has led to a more detailed, albeit still fragmentary, understanding of the molecular mechanisms by which many innate immune signaling receptors activate cells.
The innate immune system is found in all species of plant and animal life and provides the immediate host immune response to infectious or noxious insults. The innate immune system relies on germline-encoded receptors for the detection of microbial substances or molecules that arise during tissue damage or other sorts of cellular stress.
Several families of innate immune signaling receptors have so far been identified. The subcellular location of these receptors varies substantially and reflects their biological roles. The transmembrane TLRs and C-type lectin receptors are situated on the plasma membrane and on internal membranes (endosome, lysosome, and endoplasmic reticulum). The cytosol contains the retinoic acidinducible gene-I-like helicases (RLRs) and the nucleotide-binding domain leucine-rich repeat-containing receptors (NLRs). Together, these signaling receptors can detect a broad variety of molecular entities including lipids, proteins, nucleic acids, and combinations thereof. While it is likely that innate immune receptors evolved to recognize specific molecules associated with microbes, many of these same receptors can also detect molecular changes that occur during tissue damage. Ligands for innate immune receptors can be of foreign nature, i.e., not synthesized by the host, such as bacterial LPS. Additionally, the innate immune system can detect molecules that are normally sequestered in specific subcellular compartments and that relocate upon cellular damage, such as the nuclear protein HMGB1. Other emerging principles of innate receptor activation are the ability of the host to detect modified self-molecules that appear under disease conditions, including the response to certain glycosylated proteins or the recognition of crystalline materials, such as may occur in gout (1) . Indeed, the scope of the innate immune system is very large, and our understanding of its function is likely to expand exponentially in the next few years. This review focuses on the mechanisms of activation of a subset of signaling receptors of the NLR family of proteins.
Several members of the NLR family, including NLRP1, NLRP3, and NLRC4 can assemble multimolecular complexes in response to various activators, leading to the activation of inflammatory caspases. Activated caspase-1 controls the maturation of the cytokines of the IL-1 family. In analogy to the apoptosome, which activates apoptosis-inducing caspases (5-7), the NLR multimolecular complexes are termed "inflammasomes," as they control inflammatory caspases (8, 9) .
According to the NLRs involved, the inflammasomes are NLRP1, NLRP3, or NLRC4. Recently, the protein absent in melanoma 2 (AIM2, also known as PYHIN4), which belongs to a different protein family (PYHIN), was also reported to assemble an inflammasome (10) (11) (12) (13) . This review describes the different inflammasomes, their stimuli, and their activation pathways (see Figure 1 ).
Inflammasome formation leads to caspase-1 activation and maturation of IL-1 family cytokines
The exact sequence of events leading to inflammasome activation is not well understood for all inflammasomes. It is believed that upon stimulation, the respective inflammasome oligomerizes and recruits pro-caspase-1 directly via a CARD homotypic interaction (e.g., NLRP1 or NLRC4 inflammasomes) or indirectly via the adaptor protein apoptosis-associated speck-like protein containing a CARD (ASC, or Pycard). In the latter case, NLRP3 or AIM2, for example, interact with ASC via the homotypic interaction of their PYDs. ASC, in turn, interacts with pro-caspase-1 via their CARDs.
In resting cells, caspase-1 is present in a catalytically inactive pro-form. The formation of the inflammasome initiates autocatalytic activation of caspase-1 by mediating the apposition of two or more caspase-1 monomers, resulting in cleavage of the pro-enzyme into a 20-kDa (p20) and a 10-kDa (p10) subunit (14) . The active enzyme then assembles into two heterodimers of p20 and p10 subunits, containing two active sites (15) .
Caspase-1 was initially known as IL-1-converting enzyme, since its first known substrate, pro-IL-1β, is proteolytically converted into the bioactive cytokine, IL-1β (14) . Mature IL-1β is a potent pyrogen with pleiotropic functions including the activation of lymphocytes and endothelial cells and the initiation of the acute phase response (16) . Due to this repertoire of highly potent proinflammatory activities, accidental release of IL-1β would be quite deleterious, which explains the development of a complicated mechanism of regulation in mammals. The regulation of IL-1β secretion includes priming, maturation of both caspase-1 and IL-1β, and release of the active protein (17) .
Caspase-1 can also cleave other members of the IL-1 family. Caspase-1-mediated cleavage has been shown for pro-IL-18 (18) . The proform of this cytokine is constitutively expressed and does not require priming for induction. IL-18 can induce IFN-γ and pro-inflammatory cytokine secretion and activates NK cells. Caspase-1 can also cleave IL-33, another member of the IL-1 family, but in contrast to the other mentioned cytokines, IL-33 is inactivated by caspase-1-mediated processing and activated by another enzyme, calpain (19) (20) (21) .
The mechanisms leading to secretion of the mature cytokines are not well understood. Several models for their export have been proposed, such as secretion via multivesicular bodies containing exosomes, via shedding of microvesicles from the plasma membrane or directly through the plasma membrane via unidentified transporters (22) (23) (24) (25) .
Under certain circumstances, release of the cytokines precedes or is concomitant with a caspase-1-induced inflammatory cell death called "pyroptosis". Recent reviews on cell death in response to infection describe the morphology and significance of pyroptosis in more detail (26, 27) . In brief, pyroptosis shows characteristics of both apoptosis and necrosis. It is a rapid process involving caspase-1-dependent DNA fragmentation and pore formation, which leads to cellular lysis (28) . Other effector mechanisms downstream of caspase-1 are currently under investigation. For example, caspase-1 was reported to inhibit the glycolysis pathway by cleaving key enzymes, including aldolase and glyceraldehyde-3-phosphate dehydrogenase (29) . This process and cleavage of the apoptosis effector caspase-7 by caspase-1 (30) might be starting points for this special form of cell death.
However, cell death is not found in all cases of caspase-1 activation. In response to pore-forming toxins (via the NLRP3 inflammasome; see below), caspase-1 can promote cell survival by activating lipid biosynthesis in Chinese hamster ovarian cells and HeLa cells (31) . This suggests a possible switch between cell death and repair after activation of caspase-1. A cell type-specific regulation might be an alternative explanation. A recent report suggests that caspase-1 is not only important for cleavage of substrates, but also regulates unconventional protein secretion. Caspase-1 influences the release of many proteins without signal sequences, including pro-IL-1α and other mediators involved in tissue repair (32) .
Components and stimuli of the different inflammasomes
The NLRP1 inflammasome. NLRP1 (also known as NALP1) differs from the other members of the NLR family in its domain organization. Like all members of the NLRP subgroup, it has an N-terminal PYD, followed by an NBD and an LRR region. However, in contrast to all other members, NLRP1 has a C-terminal extension consisting of a FIIND motif and a CARD. One of its first identified interaction partners was ASC, to which it binds via homotypic PYD-PYD interactions (33) . In 2002, the identification of a caspase-1-activating multimolecular complex consisting of caspase-1, caspase-5, ASC, and NLRP1 was reported and termed "inflammasome" (8), a name that has endured through the intervening years. The mechanisms of NLRP1 activation were further elucidated by Reed and colleagues, who showed in a cell-free system that the minimal components of this inflammasome were NLRP1, caspase-1, and a triphosphate ribonucleotide (NTP). However, assembly was enhanced with ASC (34). They also discovered muramyl dipeptide (MDP) as an activating ligand and suggested a two-step mechanism of activation of NLRP1. First, MDP binds to NLRP1, inducing a conformational change, which allows subsequent binding of the NTP and self-oligomerization of NLRP1 (34) . In resting cells, the anti-apoptotic proteins Bcl-2 and Bcl-X(L) bind NLRP1, thereby suppressing caspase-1 activation and IL-1β production. In activated macrophages, NLRP1 is released from Bcl-2 and Bcl-X(L) and can interact with its ligands (35, 36) . These studies demonstrate how apoptotic pathways and inflammasome activation are tightly linked. Another stimulus for NLRP1 is cytosolic anthrax lethal toxin (LT), but this has only been shown for murine Nlrp1b. The exact mechanism remains unclear, as caspase-1 activation depends on the proteolytic activity of LT and on proteasome activity, so there is a possibility that a degraded cellular protein serves as a ligand for the NLRP1 inflammasome or that inhibitory proteins require proteasome-mediated degradation before NLRP1 can be fully activated (37) (38) (39) (40) .
Recent work also suggests a role for NOD2 in the assembly of the NLRP1 inflammasome (41, 42) . NOD2 is another member of the NLR family and contains two N-terminal CARDs. Even though in a cell-free system NLRP1 is sufficient to activate caspase-1 in response to MDP, NOD2 is needed for in vitro sensing of both MDP and LT, and NOD2 can directly interact with pro-caspase-1 and NLRP1, but not NLRP3 (41) . NOD2 is a known sensor of MDP and has also been shown to activate NF-κB (43, 44) . This raises the interesting possibility that MDP could generate both signals necessary for IL-1β production, that is priming via NF-κB and maturation via caspase-1.
The NLRP3 inflammasome. NLRP3 (previously called "NALP3," "PYPAF1," or "cryopyrin") contains the NLR-typical elements (LRR and NBD) and an N-terminal PYD. Like NLRP1, it can recruit the adaptor protein ASC by PYD interactions (45) . Oligomerization of NLRP3 in response to a stimulus and subsequent recruitment of ASC can activate caspase-1 (46) . In order to oligomerize, NLRP3 further requires binding of ATP or deoxyATP to its NBD element, which has ATPase activity, possibly regulating disassembly (47) . Similarly to NLRP1, oligomerization of NLRP3 is inhibited by high K + concentrations (48) . Interestingly, only one large NLRP3 inflammasome, up to 2 μm in diameter, is formed per cell. This large complex consists mainly of the adaptor ASC (49) .
Many stimuli that trigger assembly of the NLRP3 inflammasome have been described. However, the underlying mechanism of activation is poorly understood. The reported stimuli are of diverse physico-chemical natures and include many microbes (viruses, bacteria, and fungi), a range of PAMPs, bacterial toxins, and aggregated substances. The discovery of such a broad range of stimuli has prompted the development of several different hypotheses on the molecular mechanisms that could potentially explain NLRP3 activation. Live bacteria and viruses were reported to activate the NLRP3 inflammasome, including Sendai virus, influenza A virus and adenoviruses, Staphylococcus aureus, Listeria monocytogenes, E. coli, Mycobacterium marinum, and Neisseria gonorrhoeae (48, (50) (51) (52) (53) (54) (55) . Several recent reports also link IL-1β production in response to the fungus Candida albicans to the NLRP3 inflammasome (56-58). Microbes express many products that can activate innate immune receptors such as TLRs, RLRs, or other NLRs. In fact, many microbe-derived substances such as MDP, bacterial RNA, LPS, Pam2CysK4, poly(I:C), as well as the pro-inflammatory imidazoquinoline compounds R837 and R848, were all reported to activate the NLRP3 inflammasome when administered in the presence of ATP (50, 59, 60) . In addition, a number of bacterial toxins can activate the NLRP3 inflammasome, including nigericin (from Streptomyces hygroscopicus), listeriolysin O (L. monocytogenes), aerolysin (Aeromonas), and maitotoxin (Gambierdiscus toxicus) (31, 61) . In addition, α-toxin, and β- and γ-hemolysins (S. aureus) can also activate caspase-1 in the presence of bacterial lipoproteins (62). All of these toxins are pore formers leading to K + efflux from infected cells and can potentially influence lysosomal stability, one condition necessary for NLRP3 inflammasome activation. Interestingly, the IL-1β secretion after exposure to nigericin and maitotoxin (and possibly also other toxins) depends on the presence of pannexin-1, a hemichannel, which forms large pores in the plasma membrane and acidifies endosomal compartments (63) (64) (65) (66) . However, the role of pannexin-1 in the activation of the NLRP3 inflammasome is unclear and has resulted in multiple theories.
In addition to these pathogen-associated stimuli, a number of endogenous stress signals have been reported to activate the NLRP3 inflammasome. The first danger-associated signal described was ATP (61). ATP has a high intracellular concentration and is kept low in the extracellular space by the activity of ATPases. ATP is released from dying cells, and it is likely that ATP is present locally in abundant quantities in stressed tissues. Stimulated cytotoxic lymphocytes as well as microglia and human monocytes have been shown to release ATP (67) (68) (69) (70) , and other cell types undoubtedly do as well. While the paradigm for inflammasome activation that we describe above involves a priming step (that results in the production of pro-IL-1β and upregulates NLRP3) and an inflammasome activation step, human monocytes appear capable of producing and processing IL-1β in a combined fashion. The priming of monocytes with PAMPs releases ATP, which serves as the signal for the assembly of the NLRP3 inflammasome and thereby maturation of pro-IL-1β (57, 70). Binding of extracellular ATP to the purinergic receptor P2X7 leads to IL-1β maturation via the effects of purinergic stimulation on the hemichannel pannexin-1 (63, 65) . Another endogenous "danger" signal that activates the NLRP3 inflammasome is hyaluronan, a structural component of the extracellular matrix (71) .
Perhaps the most important function of NLRP3 is its ability to recognize when normally soluble endogenous molecules form crystals. The first crystal-induced inflammatory diseases linked to the NLRP3 inflammasome were gout and pseudogout. Uric acid assembles in the joints of the hyperuricemic patients, forming monosodium urate (MSU) crystals; a similar syndrome of less clear etiology is pseudogout, where calcium pyrophosphate dehydrate crystals are formed and may cause acute arthritis (72) . Both of these crystals were shown to activate the NLRP3 inflammasome (73) , thus defining the mechanism by which these crystals most likely cause inflammatory arthritis. Similar to the effects of these endogenously generated crystals, several environmental pollutants that consist of inorganic crystalline material have been associated with inflammatory disease. For example, inhalation of asbestos or silica particles can result in pneumonitis, pulmonary fibrosis, and lung cancer. Both crystals are recognized by the NLRP3 inflammasome (74) (75) (76) . Finally, the proinflammatory activity of crystalline materials has long been exploited as an adjuvant for vaccines. Alum, the most commonly used vaccine adjuvant, triggers caspase-1 via the NLRP3 inflammasome (74, (77) (78) (79) (80) (81) . Similarly, other particulate vaccines such as poly(lactide-co-glycolide) and polystyrene microparticles induce IL-1β secretion in an NLRP3-dependent manner (82) . Also, crystals formed by pathogens can be recognized, as was shown for malarial hemozoin (83) . In addition to crystals and particulates, peptide aggregates can cause NLRP3 activation. The importance of this observation relates primarily to Alzheimer disease, where extracellular β-amyloid aggregates are found in disease-associated senile plaques. These aggregates appear to be sensed in the CNS by microglia via NLRP3, leading to the secretion of pro-inflammatory cytokines and nitric oxide
Figure 2
Inflammasomes form large multimolecular complexes that control the activity of caspase-1. (i) Activation of cytokine receptors or pattern recognition receptors such as TLRs leads to the induction of pro-IL-1β and NLRP3. (ii) In a second step, NLRP3 inflammasome assembly is triggered by low intracellular potassium levels and the binding of a putative ligand that is generated by proteolytic activity after lysosomal damage or by the action of ROS. The assembled NLRP3 inflammasome results in activation of caspase-1, which proteolytically activates IL-1β family cytokines. The produced pro-inflammatory IL-1β family cytokines can act on other cell types or act in a feed-forward loop. High intracellular oxygen tension can also lead to direct deactivation of caspase-1.
and, possibly, neuronal cell death (84) . Since a number of neurodegenerative diseases are associated with aggregated peptides or proteins, it is conceivable that aggregate-induced inflammation could contribute to the pathology of neuronal damage more generally.
Other danger-associated stimuli with NLRP3-stimulating activity include the skin irritant trinitrochlorobenzene (85, 86) . Also, UVB irradiation was reported to activate NLRP3-dependent IL-1β secretion (87) .
Indeed, one of the features of the NRLP3 inflammasome is the large array of activating molecules. This pleiotropism suggests that NRLP3 activation is likely to be indirect and very complex.
Potential mechanisms of NLRP3 inflammasome activation. There are several theories about the mechanism of NLRP3 inflammasome activation. Apparently conflicting data have been published regarding specific NLRP3 activators. One theory for the mechanism of NLRP3 activation is that low intracellular potassium concentration is the main stimulus. There seems to be a need for K + efflux for the activity of most, if not all, NLRP3 stimuli including poreforming toxins and crystalline activators (48, 75, (88) (89) (90) . Potassium efflux can be achieved due to the activity of a few stimuli themselves. For example, pore-forming toxins can lead to K + efflux and ATP acts on the P2X7 receptor and pannexin-1, thereby triggering K + efflux (88) (89) (90) . In human monocytes, a variety of activators can trigger the exocytosis of ATP, which may explain the ability of TLR ligands to activate IL-1β maturation and release (63, 64, 69, 75) in the absence of a second stimulus (compared with the requirement for two signals in mouse macrophage inflammasome activation) (91, 92) . Low intracellular K + concentrations are required for full assembly of the pyroptosome, a multimeric complex formed of ASC dimers in response to inflammasome activators (49) . However, a drop of intracellular K + concentration without the assembly of the NLRP3 inflammasome also regulates other processes. This is the case for the NLRP1 inflammasome (48) as well as for the mitochondrial pathway of apoptosis, where K + efflux facilitates caspase-9 activation but is not the primary stimulus (reviewed in ref. 93) . Physiologic K + concentration almost fully inhibits activation of apoptosis (94) . It might therefore be speculated that K + dependence is a safeguard mechanism to control the formation of caspase-activating complexes, but it is not the sole activation mechanism of inflammasome formation.
In addition to K + efflux, other mechanisms might control the assembly of the NLRP3 inflammasome. There are several published theories, all of which propose a role for different stimuli in addition to K + efflux (see Figure 2) . One theory postulates a direct ligand-receptor interaction. NLRP3 has N-terminal LRRs, which are utilized by other receptors (e.g., TLRs) to directly bind to microbial products or other stimuli. Ligand-receptor interaction conceptually could result in a conformational change, allowing for oligomerization and inflammasome formation. Indeed, such a mechanism appears to operate in the activation of NLRP1 (34) . According to this direct ligand recognition hypothesis, pores formed by pannexin-1 in response to ATP might deliver activators directly into the cytosol, where they bind to NLRP3 or other upstream factors (59). Indeed, MDP is released from acidified endosomal compartments into the cytosol upon ATP stimulation requiring pannexin-1 (95) . However, it remains unclear whether one sensor can bind to all the reported ligands, given their difference in structure and shape.
It has also been proposed that ROS act on a target upstream of the NLRP3 inflammasome and indirectly cause its activation (48, 75, 76, 96) . ROS inhibition can reduce the amount of mature IL-1β after stimulation with ATP, R837, MSU crystals, asbestos, and silica (48, 75, 76, 96) . RNAi-mediated knockdown of components of NADPH oxidase in THP-1 cells (a human acute monocytic leukemia cell line) inhibited IL-1β production in response to crystals (75) . However, the pathway connecting ROS to the inflammasome remains largely unknown, and a study utilizing macrophages lacking functional phagosomal NADPH oxidase did not show a connection to NLRP3 inflammasome activation (74) . Nevertheless, a shift of the redox equilibrium by ROS was suggested to lead to PI3K-dependent activation of PKB (Akt), which in turn phosphorylates ERK1/2 (MAPK) (96) . Another study suggested that inhibition of HMG-CoA reductase or general dysregulation of isoprenoid biosynthesis triggers Rac1, resulting in PI3K- and PKB-dependent activation of caspase-1 (97) . However, the link from MAPK or PKB to the NLRP3 inflammasome remains unknown. Furthermore, a recent study suggested that ROS can in fact inhibit caspase-1 directly by oxidation and glutathionylation (98) . Reduction of ROS by SOD1 was needed in order to produce mature IL-1β (98) .
Another hypothesis is based on the observation that NLRP3-activating crystals lead to phagosomal destabilization and that pharmacological disruption of lysosomes could also lead to the activation of the NLRP3 inflammasome even in the absence of crystalline material (74) . According to this theory, NLRP3 can sense phagosomal or lysosomal disruption as a danger signal and thereby indirectly sense excessive crystal phagocytosis or escape of microbes from endo-lysosomal compartments into the cytosol. The exact nature of the ligand formed after lysosomal damage remains to be determined. In theory, lysosomal contents could be a danger signal sensed by NLRP3, or lysosomal proteases that have gained access to the cytoplasm could cleave a substrate, which then serves as a ligand for NLRP3. Inhibition of the lysosomal protease cathepsin B led to a substantial, albeit partial decrease of IL-1β maturation in a number of studies, and cathepsin B-deficient macrophages show partially reduced IL-1β secretion upon NLRP3 activation (53-55, 74, 82, 99) . In addition, the activation of pannexin-1 pores mentioned above might not only induce K + efflux or grant microbial products access to the cytoplasm, but also destabilize lysosomes and lead to release of lysosomal content into the cytoplasm. In fact, cathepsin B translocation to the cytoplasm has been shown following treatment with the pore-forming toxin nigericin, where caspase-1 activation was dependent on cathepsin B activity (99) . However, a cathepsin B knockout did not result in inhibition of caspase-1 activation after stimulation with hemozoin and C. albicans (56, 83). Furthermore, a cathepsin B inhibitor was recently also shown to affect caspase-1 activation by anthrax LT (possibly via NLRP1b) (100) . It thus appears that functional redundancies might exist between different proteases. In addition, cathepsin inhibitors might also affect other inflammasomes.
While the theories for the different modes of NLRP3 inflammasome activation are seemingly different, they are not mutually exclusive. It is possible that ROS generation contributes to lysosomal destabilization (101) (102) (103) (104) and that bacterial products indirectly contribute to NLRP3 activation. It is also conceivable that the activation of NLRP3 is a multistep process that requires more than one factor.
In fact, recent studies have demonstrated that priming via transcriptionally active pattern recognition receptors (e.g., TLRs or NODs) or via cytokines is required for subsequent activation of NLRP3 inflammasome by ATP, pore-forming toxins, or crystals in macrophages (91, 92) . These studies revealed that cell stimulation via PRRs or cytokine receptors leads to increased cytosolic NLRP3 levels. If a critical NLRP3 concentration was reached, NLRP3 inflammasome assembly was induced by stimulation with ATP, nigericin, or crystalline activators (see Figure 3) (91) . These studies suggest that many of the reported NLRP3 stimuli (such as TLR or NOD ligands) that act in combination with ATP or pore-forming agents are in fact not direct activators of NLRP3. Rather, these stimuli are required for the transcriptional regulation of NLRP3, which at a certain threshold level can then respond to inflammasome activators such as lysosomal damage, ATP, or pore-forming toxins. Thus, the range of NLRP3 activators is likely to be much less broad than previously expected.
The NLRC4 inflammasome. The NLRC4 (also known as IPAF) inflammasome was recently reviewed elsewhere (105), so we will only briefly discuss it here. NLRC4 is the only member of the NLRC family currently known to assemble an inflammasome. With its CARD, NLRC4 can directly recruit caspase-1 without the need of an adaptor protein (106) . However, an interaction with the adaptor protein ASC is still needed for robust IL-1β secretion (107) (108) (109) (110) . NLRC4-deficient macrophages show markedly reduced secretion of IL-1β and pyroptosis after infection with Salmonella typhimurium, Legionella pneumophila, Shigella flexneri, and Pseudomonas aeruginosa (107, (109) (110) (111) (112) (113) (114) . In response to these bacteria, oligomerization of NLRC4 is triggered by cytosolic flagellin or other stimuli possibly delivered by a bacterial secretion system (type III or type IV) (108, 109, 112, 114, 115) . Some studies see a role for NAIP5, another member of the NLR family, in recognition of the ligand under certain circumstances (111, 116, 117) . Oligomerized NLRC4 associates with pro-caspase-1 via the CARDs, leading to autocleavage of caspase-1 (106, 118, 119) . Active caspase-1 in turn activates cytokines of the IL-1 family and leads to pyroptosis. Flagellin as a possible ligand offers the intriguing possibility that a single PAMP could trigger both IL-1β priming via TLR5 (120) and maturation via caspase-1. It should be noted that activation of NLRC4 itself in response to flagellin is independent of TLR5 (108) .
DNA-sensing by the AIM2 inflammasome. In a series of experiments performed by Tschopp and colleagues (51), infection with adenoviruses triggered macrophages to release IL-1β in an NLRP3- and ASC-dependent pathway. However, upon transfection of E. coli, viral, mammalian, or synthetic DNA [poly(dA:dT)], IL-1β release was triggered in an ASC-dependent, yet NLRP3-independent manner. These experiments suggested the existence of a DNA-sensing, NLRP3-independent inflammasome that requires ASC for the activation of caspase-1. The sensor for double-stranded DNA was iden-
Figure 3
Priming is essential for the activation of the NLRP3 inflammasome and IL-1β secretion. PRR and cytokine receptors (R) activate the expression of the pro-forms of the IL-1 cytokine family and other cytokines. In addition, NLRP3 and possibly other proteins needed for IL-1β secretion are induced. NLRP3 upregulation is required for its activation by ATP, pore-forming toxins, or crystals.
tified to be the IFN-inducible protein AIM2 (10) (11) (12) (13) . AIM2 contains a HIN200 domain, which recognizes double-stranded DNA, and a PYD, which allows for recruitment of ASC and the formation of a caspase-1-activating inflammasome (11, 12) . AIM2 likely plays a role in innate defense against DNA viruses and intracellular bacteria (11, 12) . In addition, it may have a function in the recognition of lupus DNA immune complexes and could mediate adjuvanticity in DNA vaccines. The in vivo function of AIM2 should be clarified by the characterization of Aim2 gene-deficient mice.
Other inflammasomes?The subfamily of NLRPs has 14 members in total. At the time of writing, only two members (NLRP1 and NLRP3) were found to have activating ligands, as described above. NLRP2, NLRP6, and NLRP12 have been proposed to activate caspase-1 in association with ASC in vitro, but their physiological role remains to be determined (121) (122) (123) . There are even more proteins with PYDs that might potentially activate caspase-1 via the adaptor ASC. One member of this family is pyrin (marenostrin), which has also been proposed to assemble a caspase-1-activating inflammasome with ASC (124, 125) . However, pyrin has also been reported as a negative regulator of ASC assembly (126) . Its exact role remains to be established.
Pathologic inflammasome activation
The importance of inflammasome activation and subsequent IL-1β production in inflammation is underscored by the fact that genetic variants of inflammasome-associated genes play a role in autoinflammatory and autoimmune diseases. Familial hereditary periodic fever syndromes are a group of several distinct autoinflammatory diseases characterized by seemingly unexplained episodes of fever, localized inflammation, and sometimes urticarial rashes (127) . Muckle-Wells syndrome (MWS), familial cold autoinflammatory syndrome (FCAS), and neonatal onset multisystem inflammatory disease (NOMID, also known as chronic infantile neurologic cutaneous and arthropathy syndrome) are three phenotypic disease varieties of one single cause: mutations in the CIAS1 gene coding for NLRP3 or possibly in the NLRP3 promotor (128, 129) . Some disease-associated NLRP3 variants exhibit increased oligomerization with ASC, thereby facilitating caspase-1 activation (124) . In other cases, mutations in the promoter region of CIAS1 were found, possibly leading to enhanced transcription (130) . Animal models using mutant NLRP3 knockin mouse strains show that indeed, the disease phenotype is dependent on the inflammasome, partially dependent on IL-1β, and independent of T cells (131) . Urticarial rashes might be caused by resident mast cells in the skin, which express inflammasome components and can mediate IL-1β secretion dependent on NLRP3 and ASC (132) . Another form of hereditary fever, familial Mediterranean fever (FMF), is caused by mutations in the MEFV gene encoding pyrin (133) . As discussed above, it is still unclear whether pyrin inhibits or promotes ASC assembly, but its role in FMF emphasizes its importance for the regulation of caspase-1 activity.
Genetic variants of NLRP1 confer risk not to hereditary fevers, but to generalized vitiligo and associated autoimmune diseases including type 1 diabetes and autoimmune Addison disease (134) (135) (136) . Generalized vitiligo is a multifactorial disease in which loss of melanocytes results in patchy depigmentation of skin, hair, and mucous membranes.
Mutations in other, less-studied family members of the NLRP family are associated with hereditary fever syndromes, such as in NLRP12 (137) . The role of NLRP12 in caspase-1 activation is still unclear. The pathologic activation of NLRs is associated with a variety of diseases (Table 1) .
Concluding remarks
The inflammasomes are rapidly emerging as novel and important cellular complexes involved in the detection of pathogens and endogenous danger signals. They play an important role in immunity, as they are involved in the production of IL-1β and IL-18. The receptors for these cytokines activate MyD88 and therefore, like TLRs, inflammasomes activate many pro-inflammatory mediators. There are many challenging open questions, such as whether all of the NLRs are related to one or more inflammasomes, the exact nature of the molecular events leading to inflammasome formation, and the identity of activators for the large number of NLR proteins, especially the pyrin-containing family members. No ligands have yet been identified for NLRP2 and NLRP4-14, but some of these proteins have already been shown to assemble inflammasomes (121) (122) (123) . The design and discovery of effective and specific drugs that alter inflammasome function have the potential to improve the symptoms of crippling autoinflammatory diseases, crystal-induced inflammation, and possibly an array of other inflammatory conditions not currently thought to be linked to inflammasome activation. As more tools become available, the future of inflammasome research seems particularly exciting.
